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Problem Statement

• Cadmium (Cd) plating is used on mating steel surfaces on 
Department of Defense (DoD) Weapon Systems
– Federal regulations on Cd use have increased to protect human 

health and the environment
– Rate of phase-out and cost have increased

• Maintenance, repair, and overhaul operations of a Cd-
plated component has been transitioned to PNS that had 
previously eliminated Cd plating process as a standard 
operation
– Obtained a waiver to enable the use of a Cd plating process
– DoD facility requested that AFRL seek a “green” replacement
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Program Objective

• Identify new material(s), develop, test, and optimize a brush-plated
replacement
– Meet SAE-AMS-QQ-P-416, Type I Class 2 Cd Specification 
– Must be electrically conductive throughout service life
– Offer sacrificial corrosion protection to mild (10XX) steel

• Must not produce voluminous corrosion products
– Environmentally benign

• Transition process to DoD facility
– Process must be straight forward to use
– Process is similar to current processing
– Design, fabricate and provide shielding for components that are not to be 

wetted during processing
• Reduces the use of disposable rags and adsorbent industrial pads
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Commercial Cd Plating Setup



Approach

Phase IV
Qualification 
Testing Needs

Implementation 
and Training

Follow-Up 
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Production and Deployment Phase

Phase I

Phase II

Phase III

Establish 
Requirements

Identify 
Alternatives

Select 
Alternatives

Process Development 
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Program Status:  Overview

• Completed requirements analysis and technology assessment
– Conducted comprehensive review in 2008 and 2010 to assess 

state-of-the-art technology
– Selected and tested initial coating candidates (2009-2010)

• Indium-tin (In-Sn), tin-zinc (Sn-Zn), and zinc-nickel (Zn-Ni)
• In and Sn foils

– Selected and currently testing follow-on candidates (2010 – present)
• Indium-zinc (In-Zn) and different Zn-Ni chemistries
• Considering other electrolytes for depositing current and previous chemistries

• Performing process development and testing
– Completed full testing on In-Sn, Sn-Zn, and two Zn-Ni chemistries

• Evaluated In-Zn foils to determine desired compositional range
• Included standard brush-plated Zn-Ni chemistry and an immersion-plated Zn-Ni 

chemistry
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Program Status:  Overview

• Performing process development and testing (cont’d)
– Performing initial testing on two In-Zn and two Zn-Ni chemistries

• Developing soluble anode deposition of In-Zn
• Developing insoluble anode deposition of In-Zn
• Developing Zn-Ni immersion chemistry into brush plating chemistry
• Evaluating previously unavailable Zn-Ni brush plating chemistry 

– Using same Zn-Ni chemistry as being implemented at Odgen Air Logistics 
Center (OO-ALC) for landing gear
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Technology Assessment Update
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Active (Anodic)
1. Magnesium
2. Manganese 
3. Zinc (plated) 
4. Aluminum 
5. Cadmium (plated) 
6. Indium 
7. Tin (plated) 
8. Steel 1010 
9. Iron (cast) 

10. Copper (plated)
11. Nickel (plated) 
12. Cobalt
13. Bismuth
14. Tungsten
15. Titanium
16. Silver
17. Gold
18. Graphite
Noble (Less Anodic)

• Alloys of Zn and In show potential due to possible anodic protection
– Dependent upon alloying element and whether a true alloy is achieved
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 Not considered hazardous 
 Commercial brush plating products 

can plate indium within thickness 
tolerances

 Sacrificial to mild steel (in sea 
water) and its couple to mild steel 
produces a potential <0.15 volts 

 Electrically conductive, similar to 
Cd

─ Metal “cold welds” to itself / Alloy 
Avoids “cold weld” issue

─ Metal subject to halide attack / 
Alloy unknown to halide attack

Indium Foil

Attributes of Indium

Indalloy #1 Wire
50% indium, 50% tin
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 Commercial brush plating 
products can plate zinc within 
thickness tolerances

 Sacrificial to mild steel (in sea 
water)

 Zinc oxide is 10X to 100X more 
electrically insulating then 
cadmium oxide

 No PEL currently established 
specifically for Zn
 OSHA established PELs for 

zinc chloride and zinc oxide 
fumes, zinc oxide, and zinc 
stearate

Zinc Foil

Attributes of Zinc
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Coatings

Coating Target Composition Status
Cd 100% Cd N/A

Sn-Zn 70% Sn, 30% In Failed to meet corrosion requirements, 
but met conductivity requirements

In-Sn 50% Sn, 50% In Failed to meet corrosion requirements, 
but met conductivity requirements

Zn-Ni (I) 92-86% Zn, 8-14% Ni Failed to provide adequate adhesion 
without Ni strike

Zn-Ni (II) 92-86% Zn, 8-14% Ni Testing continues

Zn-Ni (III) 92-86% Zn, 8-14% Ni Testing continues

In-Zn (I) 60-70% In, 30-40% Zn Testing continues

In-Zn (II) 60-70% In, 30-40% Zn Testing continues

In-Zn (III) 60-70% In, 30-40% Zn In process-development
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Test
Material

OCP at 1 hour 
(mV)

Ave Sn Foil
(99.99% Sn)

-465 ± 6

Ave In Foil 
(99.99% In)

-672 ± 6

Brush-Plated
In-Sn

-665 ± 3

Brush-Plated Cd -816 ± 8
Bare 1018 Steel -688 ± 6

Electrochemical Testing: Open 
Circuit Potential (OCP)

Test solution: 3.5 % NaCl



• Compositions Tested
– Three bare steel panels
– Three different In-Zn 

• InZn-2: 74 wt.% In: 26 wt.% Zn
• InZn-3: 78 wt.% In: 22 wt.% Zn
• InZn-4: 80 wt.% In: 20 wt.% Zn

• Results suggest In-Zn will provide
sacrificial protection to the steel 
substrate under submerged 
saltwater conditions

– Steady state reached at 
4 readings ±5 millivolts

– In-Zn coating is more
electronegative than steel

Solution Potential In-Zn & Steel

(-0.997 V Average)

(-0.713 V Average)

36,000 72,000 108,000

Exposure Time (seconds)
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Electrical Resistance

To 4-Wire 
Low Contact  
Resistance Meter

Test Panel 
Placement Area

Upper Electrode 
(1-inch2 Area)

Lower Electrode 
(= Panel Area)

Load (200-
pounds/inch2)

Fixture made of ABS Plastic

Electrical 
Isolation 
(Kapton® Tape)  



Electrical Resistance: In-Zn Foils
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Electrical Resistance: 
As-plated
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• Testing per ASTM B 117
• Cd, Zn-Ni (II), and In-Zn (II) are complete
• Zn-Ni (III) and In-Zn (I) are in progress  
• In-Zn (III) not tested since it is in process development 

Salt Fog Corrosion Resistance
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Coating Condition First Sign of 
White Rust

First Sign of 
Red Rust

Noticeable Propagation 
of Red Rust

Cd
Scribe 16 hours 121 hours 600 hours

Un-Scribe 16 hours 262 hours 935 hours

Zn-Ni (II)
Scribe 21 hours 116 hours 445 hours

Un-Scribe 21 hours 116 hours 445 hours

Zn-Ni (III)
Scribe 22 hours 120 hours 505 hours

Un-Scribe 22 hours 71 hours 702 hours

In-Zn (I)
Scribe 22 hours 120 hours 505 hours

Un-Scribe 22 hours 173 hours 505 hours

In-Zn (II)
Scribe 16 hours 262 hours 600 hours

Un-Scribe 16 hours 121 hours 935 hours



First Sign of White Rust (Scribed)

19

Cd
(16 hrs)

Zn-Ni (II)
(21 hrs)

Zn-Ni (III)
(22 hrs)

In-Zn (I)
(22 hrs)

In-Zn (II)
(16 hrs)



First Sign of White Rust (Un-scribed)

20

Cd
(16 hrs)

Zn-Ni (II)
(21 hrs)

Zn-Ni (III)
(22 hrs)

In-Zn (I)
(22 hrs)

In-Zn (II)
(16 hrs)
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First Sign of Red Rust (Scribed)

Red Rust 
indicated by 
Red Arrow

Cd
(121 hrs)

Zn-Ni (II)
(116 hrs)

Zn-Ni (III)
(120 hrs)

In-Zn (I)
(120 hrs)

In-Zn (II)
(262 hrs)



First Sign of Red Rust (Un-scribed)
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Red Rust 
indicated by 
Red Arrow

Cd
(262 hrs)

Zn-Ni (II)
(116 hrs)

Zn-Ni (III)
(71 hrs)

In-Zn (I)
(173 hrs)

In-Zn (II)
(121 hrs)
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Noticeable Propagation of 
Red Rust- (Scribed)

Cd
(600 hrs)

Zn-Ni (II)
(445 hrs)

Zn-Ni (III)
(505 hrs)

In-Zn (I)
(505 hrs)

In-Zn (II)
(600 hrs)



Noticeable Propagation of 
Red Rust (Un-scribed)
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Cd
(935 hrs)

Zn-Ni (II)
(445 hrs)

Zn-Ni (III)
(702 hrs)

In-Zn (I)
(505 hrs)

In-Zn (II)
(935 hrs)



• Performed electrochemical testing on In and Sn foils 
and In-Sn coatings
– In-Sn is not sacrificial to steel - no further testing was conducted

• Preliminary results showed success using an 
immersion-plated Zn-Ni
– Partnered with Zn-Ni vendor to modify the process chemistry for 

brush plating (shown as Zn-Ni II)  
– Continued development and testing 

• Identified a new/pre-commercial brush-plating Zn-Ni
– Currently testing product as Zn-Ni III 
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Summary



• In-Zn Plating Testing
– OCP data indicates In-Zn will provide sacrificial protection to steel 

substrate under submerged saltwater conditions
– Developing two systems for this program

• Working with chemical suppliers on an insoluble anode (In-Zn I) system 
and a soluble anode system (In-Zn II)
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Summary



• Continue process screening and optimization testing of 
additional candidates
– Finalize development of Zn-Ni brush plating parameters
– Finalize plating activities for In-Zn and Zn-Ni brush plating

• Complete verification testing
• Implement identified alternative(s)
• Seeking non-aqueous deposition techniques of alternative(s)
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Way Ahead

Laboratory Brush-Plating Set-up
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• Three In-Zn coated coupons 
– Tested as-received

– Composition
“InZn-2,” 74 wt.% In: 26 wt.% Zn
“InZn-3,” 78 wt.% In: 22 wt.% Zn
“InZn-4,” 80 wt.% In: 20 wt.% Zn

– Appeared chalky white

• Three bare mild steel coupons
– Wet-sanded with 600 grit silicon 

carbide (SiC) paper and washed 
with deionized water to provide a 
fresh surface for testing

OCP of In-Zn
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In-Zn Coated Coupons

Steel Substrate Coupon (typical)
[shown are the backsides of the 

In-Zn coated coupons]
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1. Low temperature eutectic:
• The Sn-In system eutectic is 244°F at ~48.3 weight 

% Sn
• Cd-In-Sn system eutectic is ~199°F  
• Good for a solder

2. Greater hardness than both Cd and In:
• Less deformable on the mating surfaces
• Potentially reduces the contact between these 

surfaces and electrical conduction
3. Relatively expensive; therefore, conduct a review of 

its cost/benefit to adopt indium alloy plating

Caveats of Indium Alloys



Electrical Resistance-
As-plated
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Electrical Resistance- Aged 
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